Background: Previous evaluations have documented that studies evaluating the effectiveness of therapeutic interventions are not always reported, and that those with statistically significant results are published more rapidly than those without. This can lead to reporting bias in systematic reviews and other literature syntheses. We evaluated whether diagnostic accuracy studies that report promising results about the performance of medical tests are also published more rapidly. Methods: We obtained all primary diagnostic accuracy studies included in meta-analyses of Medline-indexed systematic reviews that were published between September 2011 and January 2012. For each primary study, we extracted estimates of diagnostic accuracy (sensitivity, specificity, Youden's index), the completion date of participant recruitment, and the publication date. We calculated the time from completion to publication and assessed associations with reported accuracy estimates.
Background
Many completed biomedical studies take years to get published, if they get published at all [1, 2] . Over the past decades, there have been increasing concerns about the resulting bias for those relying on a synthesis of the available literature in getting summary estimates of the effectiveness of therapeutic interventions [3] [4] [5] . There is now overwhelming evidence that studies with statistically non-significant results are less likely to result in a publication in a peer-reviewed journal than those with statistically significant results [1, 2, 6, 7] . Evaluations have also shown that it takes more time before negative studies are published [8] [9] [10] [11] . There are multiple reasons for non-or delayed publication of studies with nonsignificant findings. Researchers, anticipating low scientific impact, may be reluctant to write and submit the study report; journals, foreseeing low citation rates, may be less interested in publishing them [12, 13] .
Diagnostic accuracy studies evaluate the ability of medical tests to differentiate between patients with and without a target condition. It is unknown whether such studies are also susceptible to differential publication processes, with studies that document disappointing results about a test's performance being less likely to be published in full, or published later, compared to studies reporting more promising findings [14] [15] [16] [17] . In itself, statistical significance is unlikely to be a major determinant of time to publication among diagnostic accuracy studies; these studies typically present results only in terms of estimates of sensitivity and specificity, and most do not have specific hypothesis tests and accompanying p-values [18] [19] [20] [21] . It is possible, however, that the sheer magnitude of the reported accuracy estimates can be seen as a measure of the favorability of the study findings, and that studies reporting higher accuracy estimates are published sooner than studies reporting lower accuracy estimates.
The objective of this study was to evaluate whether reported accuracy estimates were associated with time to publication among published diagnostic accuracy studies.
Methods

Selection of diagnostic accuracy studies
We relied on a set of 114 Medline-indexed systematic reviews of diagnostic accuracy studies, published in English between September 2011 and January 2012. These reviews were identified in a previous metaepidemiological project from our research group. The search and selection process have been described in full elsewhere [21] .
These systematic reviews were included in the current evaluation if they contained one or more meta-analyses and provided 2x2 tables for the primary studies included in these meta-analyses, describing the number of true and false positive and negative results for the diagnostic test under investigation. For each primary study included in the meta-analyses we then obtained the full study report or, if not available, the abstract.
Data extraction
For each primary study, two investigators (DAK, JFC) independently extracted the test under evaluation, and the 2x2 tables reported in the meta-analyses. These investigators also independently identified the publication date.
For Medline-indexed studies, the date on which the citation was added to the PubMed database was used as the publication date. For studies not indexed in Medline, we tried to obtain the publication date through Google Scholar, the journal website, or the full study report. Primary studies for which no publication date could be identified were excluded from further analysis, as were conference abstracts.
One investigator (DAK or NvE) then extracted additional data from the articles in which the primary studies were reported. A random 10 % of this data extraction was independently verified by the other investigator; discrepancies occurred in 3 out of 632 (0.5 %) verified characteristics.
We extracted the start date and completion date of participant recruitment, the date of first submission to the publishing journal, and the date the study was accepted for publication. If only the months but not the exact dates of participant recruitment were provided, start dates were rounded to the first day of that month, whereas completion dates were rounded to the last day of that month. If only years of participant recruitment were provided, start dates were rounded to January 1 st of the starting year, and completion dates to December 31 st of the completion year.
We also extracted the journal in which the study was published and corresponding 2014 impact factor (through Web of Knowledge), number of authors, country of first author, and type of data collection (prospective/retrospective). Data extraction from study reports published in non-English language was performed with the help of native speakers, or using Google Translate. Any disagreements in the data extraction process were resolved through discussion.
Data analysis
For each included primary study, we recalculated estimates of sensitivity and specificity from the extracted 2x2 tables. Because tests may have a high sensitivity but a low specificity, or the other way around, we also calculated Youden's index (sensitivity plus specificity minus 1). This is a single measure of diagnostic accuracy that takes the whole 2x2 table into account [22] . If multiple 2x2 tables were available for one primary study-which could happen, for example, because multiple tests had been evaluated-the highest reported estimates of sensitivity, specificity and Youden's index were used in the analyses.
Our analysis focused on time from completion to publication, defined as the time interval between the completion date and the publication date. This was further subdivided in time from completion to submission, and time from submission to publication.
We calculated Spearman's rho correlation coefficients between accuracy estimates and time from completion to publication; a negative correlation coefficient meaning that studies reporting higher estimates had shorter times to publication. To further quantify potential delays, estimates of sensitivity, specificity and Youden's index were then dichotomized by a median split, and median times from completion to publication were compared using Mann-Whitney U tests. To explore more specifically in which phase potential delays in time from completion to publication occurred, this analysis was repeated for time from completion to submission, and for time from submission to publication. Studies with partially missing dates were only excluded from the analyses for that specific time interval.
We performed multivariable Cox proportional hazards regression analysis to evaluate the unconditional and conditional effect of accuracy estimates on the hazard of publication, adjusting for year of publication, journal impact factor (≥4 versus <4 or not available), number of authors, continent (Europe, North America or Oceania versus Asia, Africa or South America), type of test (imaging versus other), type of data collection (prospective versus retrospective or not reported), study duration (time interval between the start date and completion date), and number of participants in the 2x2 table, adding a frailty term per meta-analysis to account for systematic differences in time to publication between meta-analyses. In this analysis, accuracy estimates were logit transformed, where a correction was applied for accuracy estimates of exactly 0 or 1; these were considered to be 0.001 or 0.999. Other continuous variables were not transformed before adding them to the models. This analysis was also repeated for time from completion to submission, and time from submission to publication.
Sensitivity analysis
We performed sensitivity analysis by excluding primary studies that only provided the year, but not the month or exact date of completion of participant recruitment, as these calculations of time from completion to publication were likely to be less accurate. We also performed sensitivity analysis by excluding studies that did not provide both a completion date and a submission date, thereby restricting the analysis to studies for which we had both time from completion to publication, time from completion to submission, and time from submission to publication (complete case analysis). Data were analyzed in SPSS v.22 and R v.3.0.3 [23, 24] .
Results
Selection of diagnostic accuracy studies
Details on the selection of studies and a list of included systematic reviews are provided in Additional files 1 and 2, respectively. In total, 49 systematic reviews could be included in the current evaluation, containing 92 metaanalyses. Together, these meta-analyses contained 924 unique primary diagnostic accuracy studies. Of these, 168 (18 %) had to be excluded because no publication date could be obtained (n = 163), because they were conference abstracts (n = 4), or because they had been retracted (n = 1).
The remaining 756 primary diagnostic accuracy studies were included, corresponding to 1,088 2x2 tables, as some studies were included in multiple meta-analyses. A full study report could be obtained for 751 of these; for the other 5 studies, data extraction was performed using the abstract only. Study reports were in 10 different languages, most frequently in English (n = 726; 96 %). The median number of authors was 6 (IQR 5 to 8). First authors were from 64 different countries, most frequently USA (n = 153; 20 %), Germany (n = 60; 8 %), and Japan (n = 54; 7 %).
Study characteristics
The type of test under investigation was an imaging test for 387 studies (51 %) and another type of test for 369 studies (49 %). Data collection was prospective in 307 studies (41 %), retrospective in 125 studies (17 %), and not reported in 324 studies (43 %). The median study duration was 22 months (IQR 12 to 37), with a median number of participants of 100 (IQR 49 to 255). The median accuracy estimates were 0.875 (IQR 0.73-0.97) for sensitivity, 0.899 (0.76-0.97) for specificity, and 0.684 (0.45-0.83) for Youden's index.
Time to publication: association with reported estimates of diagnostic accuracy
Of the included primary studies, 520 (69 %) reported a submission date, 564 (75 %) an acceptance date, 474 (63 %) a start date, and 471 (62 %) a completion date. Median times between study stages are summarized in Fig. 1 .
The median time from completion to publication (available for 471 studies) was 24 months (IQR 16 to 35). Sensitivity (rho = −0.14; p = 0.003), specificity (rho = −0.17; p < 0.001), and Youden's index (rho = −0.22; p < 0.001) were each negatively correlated with time from completion to publication (Fig. 2) .
When comparing time from completion to publication in studies reporting accuracy estimates above versus below the median, the median number of months was 23 versus 25 for sensitivity (p = 0.046), 22 versus 27 for specificity (p = 0.001), and 22 versus 27 for Youden's index (p < 0.001) ( Table 1 ; Fig. 3 ). Median time from completion to publication stratified by other categories of study characteristics is provided in Table 2 .
These differential time lags remained significant in multivariable Cox regression analyses, with hazard ratios of publication of 1.06 (95 % confidence interval [CI] 1.02 to 1.11; p = 0.007) for logit-transformed estimates of sensitivity, 1.09 (95 % CI 1.04 to 1.14; p < 0.001) for logittransformed estimates of specificity, and 1.09 (95 % CI 1.03 to 1.14; p = 0.001) for logit-transformed estimates of Youden's index (Table 3) .
When subdividing time from completion to publication, we observed significant associations between accuracy estimates and time from completion to submission (available for 330 studies), but not between accuracy estimates and time from submission to publication (available for 520 studies) ( Table 1 , with multivariable Cox regression analyses in Additional files 3 and 4).
Sensitivity analysis
The sign and significance of the association between estimates of diagnostic accuracy and time from completion to publication, time from completion to submission, and time from submission to publication remained the same when excluding studies that only reported the year of completion of participant recruitment but not the month or exact date, and when excluding studies that did not report both a completion date and a submission date (Additional file 5).
Discussion
In a large sample of published diagnostic accuracy studies, we found that it took authors on average two years to publish study findings after completing participant recruitment. Time from completion to publication was significantly shorter for studies reporting higher estimates of diagnostic accuracy compared to those reporting lower estimates, a delay that could not be attributed to differences in speed of processing within the journals that eventually published the studies.
Some elements deserve consideration. Many reports of diagnostic accuracy studies contain multiple accuracy outcomes, for example, for different tests, target conditions, and subgroups. We only obtained the 2x2 tables that were used in the selected meta-analyses, but the primary studies may have focused on other accuracy outcomes as well. Whenever a study reported multiple 2x2 tables, we selected the highest accuracy estimates in our analysis, because in our personal experience authors have a tendency to emphasize these in their conclusions. However, whether the highest accuracy estimates in a study are indeed the ones that drive time to publication is unknown. In our analysis, we focused on dichotomized accuracy estimates, as this allowed us to provide a straightforward quantification of the delays that can be anticipated in the publication of results that are relatively disappointing in diagnostic research. We acknowledge that a dichotomization in terms of a median-split is arbitrary, and that this may not reflect the difference between statistically significant and non-significant results based on the p-value.
Although the STAndards for Reporting Diagnostic accuracy (STARD) statement invites authors to report start and completion dates of participant recruitment [25] , these were not provided by more than one-third of the studies. As a consequence, we could not include these studies in our analyses of time from completion to publication. This obviously limited the precision of our findings, but we do not know whether the included sample is a biased one. We included eight additional variables in our Cox regression analyses. It is conceivable that there are other unmeasured confounders in the association between accuracy estimates and time to publication as well. Especially several study characteristics that are associated with study quality and risk of bias, such as blinding of test readers and quality of the reference standard, may be relevant in this respect. We did not include these elements because they are often not reported, and the extent to which they induce bias varies substantially depending on the type of test under investigation and the clinical area in which the test is applied [26, 27] . However, we believe that excluding these is more likely to have led to under-rather than overestimations of the associations identified in this study: poor study quality generally leads to inflated accuracy estimates, but will probably also increase time to publication as a result of critical peer-reviewers and more journal rejections. Several previous evaluations found a comparable differential time lag among studies of therapeutic interventions. A Cochrane review that aimed to document the association between statistically significant results and time to publication included two of such evaluations, together analyzing the fate of 196 initiated clinical trials [8] [9] [10] . On average, trials with significant results were published about 2 to 3 years earlier than those with non-significant results. In a similar, more recent evaluation of 785 initiated clinical trials, the estimated median time from completion to publication was 2.1 years for those with significant results, and 3.2 years for those that with non-significant ones [11] . A differential time lag was not identified in another evaluation of 1,336 published clinical trials: both those with significant and non-significant outcomes had a median time to publication of 21 months [28] .
Similar evaluations are scarce for diagnostic accuracy studies, and so far limited to abstracts presented at scientific conferences in specific fields of research. In contrast to our findings, no systematic bias could be identified in these previous assessments. One study found a median time from presentation to full publication of 16 months for 160 conference abstracts of diagnostic accuracy studies in stroke research, but the hazard of full publication was not associated with reported estimates of Youden's index [15] . We recently found that the median time from presentation to publication was 17 months among 399 conference abstracts of diagnostic accuracy studies in ophthalmology research; there also, the hazard of publication was not associated with reported estimates of sensitivity and specificity (manuscript submitted for publication).
In the current evaluation, on average, it took two months less to publish studies with a sensitivity above the median, five months less to publish studies with a specificity above the median, and five months less to publish studies with a Youden's index above the median, compared to studies reporting estimates of these accuracy estimates below the median. Although these time lags can be considered as relatively minor, the potential implications, although difficult to overlook, may be worrisome for multiple reasons.
We believe that the observed differential time lag may reflect a larger underlying problem. A study's chances to reach full publication are likely to fade over time and with every rejection by a journal. This may lead to failure to publish the study and, consequently, to publication bias, since the study will be missing from the evidence base to those relying on databases of published articles [3] . Although there is strong evidence of such bias in syntheses of studies of therapeutic interventions, this topic has been insufficiently investigated for diagnostic accuracy studies [14] [15] [16] [17] .
Even if studies with less favorable results are eventually published, a delay in their publication and associated dissemination can lead to misleading results in systematic reviews. Reporting bias may occur when literature reviewers want to synthesize the available evidence but cannot account for unfavorable results that take substantially longer to get published [8] . To assess time trends in published accuracy estimates, we recently applied cumulative meta-analysis to the same set of systematic reviews as used in the current evaluation [29] . Among 48 meta-analyses included, a total of 12 statistically significant time trends in sensitivity or specificity were identified. The majority of these time trends, 8 out of 12 (67 %), were negative, which may indicate that studies that are published earlier sometimes tend to overestimate the accuracy of a test. This may be partially explained by a time lag in the publication of studies that report lower accuracy estimates, as identified in the current evaluation.
The delay in publishing studies with lower accuracy estimates could be attributed to study authors, who may be less motivated to write and submit corresponding study reports, to peer reviewers, who may be more critical towards and less supportive of studies with unfavorable results, or to journal editors, who may be less willing to publish studies reporting disappointing performance of new and existing tests [12, 13] . In our evaluation, we did observe a differential time lag from study completion to submission, but not from submission to publication, indicating that delayed publication of studies with lower accuracy estimates was not caused by the journal that eventually published the study report. This suggests two alternative explanations for the delay. One is that authors were less effective, maybe even reluctant, in finalizing and submitting their study report. Another explanation is that the manuscript was not accepted by the journals where authors initially submitted the report to, and this could have been caused, in part, by the less positive findings. In the multivariable Cox regression analysis for Youden's index, two additional variables were also significantly associated with time from completion to publication. Studies published in journals with a higher impact factor were published more rapidly. An explanation could be that authors first submit their study to higher impact factor journals, going down after each rejection, which would then delay publication. When pooling studies from Africa, Asia and South America, these were published more rapidly than those from Europe, North America and Oceania. Little is known about geographical differences in quality and rigorousness of the editorial and peerreview processes of biomedical journals.
The findings of this study are relevant for scholars that want to arrive at a synthesis of the available evidence through a search of the literature, and for patients, clinicians, policy makers and funders, that may rely on these literature syntheses. They should be fully aware that it is very well possible that not all completed diagnostic accuracy studies have been published at the time of the evaluation, and that this could introduce reporting bias. Such bias is likely to be more pronounced if only few published studies are available. As recommended in current guidelines [17] , additional efforts should be made to identify and include unpublished studies in systematic reviews, as this will strengthen the validity and improve the precision and applicability of the results. One study was excluded from the Cox regression analysis because of a missing study duration
